In this work, a novel design of a concentrated photovoltaic system with thermal management using phase change material is analyzed. The novelty lies in utilizing two mono-facial PV cells, installing one on upper side of the receiver to receive non-concentrated sunlight and installing another photovoltaic cell on bottom side to receive concentrated sunlight. An RT47 (melting range of 41-48℃) phase change material enclosed in an Aluminum containment regulates the temperature of the system. Parabolic trough concentrator is used to focus sunlight on the bottom photovoltaic cell with a concentration ratio of 25. A finite volume based coupled thermal, electrical and optical model is developed and the system is analyzed for environmental conditions of Doha, Qatar. Temperature regulation and electrical power output of upper photovoltaic cell and bottom concentrated photovoltaic cell of proposed design are compared to a conventional flat plate system. Analysis is made for one day of each month of a year. It is found that the proposed design maintains the temperature below 85℃ for all months of a year. The performance of the proposed system is comparable to the conventional flat plate system and excels it with power production in the range of -4.7% and +21.7%.
Introduction
Solar energy-based technologies have a huge potential in clean renewable energy resources due to consistent and abundant supply [1] . One common application of solar technologies is concentrated photovoltaics (CPV) system that converts solar irradiance directly to electricity. However, concentrating sunlight can significantly increase the temperature of a CPV system. The efficiency of crystalline silicon photovoltaic (PV) cell decreases with the increase in the PV's temperature by an average of 0.0045℃ -1 [2] . Phase change materials (PCM) have been employed to regulate the temperature of the PVs [3] . PCM absorbs the excess heat generated as latent heat of fusion at constant phase transition temperature and maintains the operating temperature of the PV. The time and the temperature range of the melting/solidification process of the PCM depend on the mass and thermal conductivity of PCM [4] . The performance of PV modules is dependent on their orientation as studied experimentally by Pantic et al. (2016) [5] . Several researchers have investigated, theoretically and experimentally, the thermal and electrical performance of CPV using PCM (CPVPCM) and are tabulated in Table 1 . It is reported that a PCM is effective in temperature reduction of CPVPCM system; it reduces cost per unit power output of the system and increases CPVPCM system's electrical and thermal efficiency [6] [7] [8] [9] [10] [11] [12] . Bifacial PV cells have also been employed in CPV systems due to their ability to increase power production as compared to the best efficiency mono-facial cell [16] . An extensive review on bifacial cell technology is presented in [17] . A flat plate static concentrator design was presented by [18] which comprised of 24 mm wide bifacial PV cell and 12 mm wide V-grooved reflector sheet, placed side by side and a cover glass of thickness 3.2 mm. The bifacial cell is placed higher than the reflector sheet level to make it accept light at the rear surface as well. Mono-facial and bifacial cells of concentration ratio (CR) 1.5 and 2 respectively were analyzed. It is reported that the flat plate static concentrator with bifacial PV cell increased power production by 2% as compared to mono-facial PV cell [18] . Two design variants of low parabolic trough concentration PV system employing bifacial PV cells were presented by Poulek et al. (2015) . In the first variant, PV module was placed horizontally and parallel to the tracking axis and the geometric concertation ratio was 3.6. In the second variant, the module was placed vertically, and the geometric concentration was 4.1. The maximum daily energy gain was 167% and 114% as compared to the conventional fixed PV module for first and second variants respectively [19] . Further studies conducted to evaluate the performance of bifacial cells under concentrated irradiance are tabulated in Table. 1 [13] [14] [15] Although, CPV system with bifacial cells produce more electrical power as compared to similar CPV system with mono-facial cells but no thermal management technique can be used by such systems. In the absence of a thermal management system, the bifacial cell temperature increases beyond 90 [19] at a concentration ratio of 3.6 or higher. This problem restricts bifacial cells application and it cannot be used for medium concentration (CR≥10) or high concentration (CR≥100). In this work, a novel configuration of a concentrated photovoltaic system integrated with a phase change material is proposed. This configuration uses two mono-facial PV cells instead of bifacial PV cells and temperature is controlled using PCM. The thermal and electrical output is compared with a conventional flat-plate PV system to assess its effectiveness.
Materials And Methods

Physical Model
Schematic illustration of the concentrated photovoltaic system integrated with a phase change material is considered in this work as shown in Figure 1 . The system consists of a non-ideal parabolic trough concentrator with single-axis tracking and a receiver. The receiver employs two mono-facial crystalline Si photovoltaic cells (upper and bottom) and a phase change material to passively regulate the temperature of both PV cells. The system is referred to dCPVPCM system in the subsequent text. The concentrator focuses sunlight onto a 15 mm wide bottom PV cell. The bottom PV cell is attached to an aluminium container which encapsulates the PCM. A 100 mm wide upper PV cell is also attached to the aluminium container which is concomitantly exposed to non-concentrated sunlight. PV Cell is covered with layers of EVA, anti-reflective coating, and tedler with an additional layer of glass for the upper PV having dimensions as shown in Figure 1 . RT47 is selected as a PCM that has a phase transition temperature of 41 -48 . The concentration ratio of 25× is considered for dCPVPCM system having a length of 2.13m which results in a 1m 2 footprint. The system is analyzed for optical, thermal and electrical behavior. The results are compared with a conventional PV system having an inclination angle of 25.3° with true South orientation. Both systems are simulated for environmental conditions of Doha, Qatar (latitude and longitude of 25.314779° N and 51.43978° E respectively).
Figure 1: Schematic illustration of the concentrated photovoltaic system integrated with phase change material (not to scale)
The dCPVPCM system is subjected to direct beam irradiance while PV system is subjected to global horizontal irradiance. Input values of irradiance for both systems are attained by clear sky broadband solar radiation model [20] . The weather data comprises ambient temperature and wind speed for the selected days. Weather data is obtained from experimentally determined data by the meteorological department, Qatar. The mean maximum temperature for the period of 1962-2013 is reported to be 41. 9 for the month of July [21] . The proposed design is analyzed for maximum temperature of 45 in month of July to ensure that the very hot days are included in the analysis. The variations of the input parameters with time are shown in Figure 2 .
Theoretical Model
The five parameters model is used to analyze the electrical behaviour of dCPVPCM and PV systems. The parameters include photocurrent , reverse saturation diode current I o , shunt and series resistances and and diode ideality or quality factor . The following equation relates the five mentioned parameters with current and voltage.
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The above equations, is the temperature difference relative to standard value and is the nominal irradiance. The corrected values of and are calculated using the modified values of and . Since decreases with irradiance its value is modified using relation [23] . The IV curves are generated using Newton Raphson iterative method.
In this work, a Finite volume thermal model is developed using 2D differential heat diffusion equation. Convection and radiation effects are considered at the boundary only. To achieve transformation of physical coordinates to natural coordinates, an 8-node Serendipity element is used as shape function. Detailed thermal optical model is presented by authors' elsewhere [24] but transformed energy balance equation in terms of mass M, conductivity K, irradiance q, convection H and radiation R matrices is presented in eq. 4: ̇ ) (4) is the temperature and ̇ is its time derivative. The optical model accounts for the reflection and the absorption losses at both, CPV and PV covers and is calculated using Fresnel equations. The incident irradiance is updated after the optical losses through the layers on PV and depending on the electrical conversion efficiency of the PV Cell. This requires a combined electrical and optical losses effect in irradiance which is incorporated using the following equations:
is the available irradiance after optical losses of absorption and reflection . is the part of irradiance that is converted to electricity depending on the electrical efficiency and temperature coefficient of power output measured at standard test conditions. Crank-Nicholson method is used for temporal discretization. Both systems are solved at each time step with updated convection, radiation and electrical conversion of irradiance. Timestep of 300s and 24600 elements with 75081 nodes are selected for the current study after performing grid-time independence studies. Total thermal energy stored in PCM is calculated by eq. 6 as per the temperature conditions. Thermal and overall efficiencies are calculated using eq. 7 and 8. The mathematical model is validated by the authors' elsewhere [24] . The relevant properties of the materials are presented in Table 2 .
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Validation
Figure 3: Validation of thermal output of the model (a) comparison of temperature of PV in a PVPCM system (b) comparison of PV temperature in a PV system
The temperature output of a PV and PVPCM systems reported in the literature [25] is used to compare the temperature output of the developed model. Both systems employ a polycrystalline PV panel with a rated capacity of 40W and conversion efficiency of 15%. A paraffin wax, RT42 is used as a PCM. The PCM is encapsulated in an aluminum container and attached to the back of the PV. Both, PV and PVPCM systems were tested for a year under outdoor conditions at the latitude and longitude of 24.1 o N and 55.8 o E respectively. The details of the geometrical dimensions of the system and thermophysical properties of the materials can be found elsewhere [25] . Both systems are simulated using developed model and employing reported geometrical configuration and thermophysical properties of the used materials. The temperature output of the experimental results is compared with the temperature output of the simulated results. The comparison of temperature of PV in a PVPCM system is shown in Fig. 3(a) while the comparison of PV temperature in a PV system is shown in Fig.  3(b) . The result has shown a good agreement between experimental and simulated results with an average standard deviation of <±3% which is comparable to the reported cumulative experimental uncertainty of 5.26%.
Results And Discussion
Temperature for one day of each month was determined for the upper PV and bottom CPV cell of the dCPVPCM system and it is compared with flat-plate PV system, referred to PV only in subsequent text. The comparison of temperature results for one day of all the months is shown in Fig.  4 . It is found that the operating temperature of the CPV cell and the upper PV cell stay below 85 during all months in a year. The peak CPV cell temperature is comparable to the PV only temperature with a maximum variation of ±4 except for the month of March when maximum temperature is +12.3 o C higher than the PV only temperature. A peak shifting in temperature is observed for dCPVPCM system i.e. the peak temperature for dCPVPCM system is found after ~1hr the peak temperature of the PV only. This peak shifting is due to the inclusion of PCM in the dCPVPCM system and this behavior is consistent with the previously reported results for non-concentrated photovoltaic systems integrated with phase change materials [4] .
Figure 4: Temperature results for upper PV, bottom CPV and conventional PV system
Further analysis is carried out to find maximum, and average temperature of the dCPVPCM system and PV only and result is shown in Fig. 5 .
Figure 5: (a) Maximum cell temperatures for PV and CPV cells of dCPVPCM vs PV only (b) Average cell temperatures for PV and CPV cells of dCPVPCM vs PV only
It is found that the average temperature of CPV cell and upper PV cell consistently stays below or almost equal to the average temperature of PV only for the months of January and September as shown in Fig. 5 . On the other hand, the maximum temperature of CPV cell consistently stays higher or almost equal to the maximum temperature of PV only. It is also found that the CPV cell operates at a higher average and maximum temperature as compared to the upper PV. To analyze this behaviour, temperature contours are plotted at different times of a day i.e. 10 am, 1 pm and 4 pm, and result is shown in Fig. 6 . It is found that the temperature evolves from the bottom CPV cell with a higher temperature towards the upper PV cell. Although, dCPVPCM receives irradiance for both bottom CPV cell and upper PV cell but the heat flow from the bottom CPV cell towards the upper PV cell shows that the concentrated irradiance plays dominant role in generating heat in the current configuration. That is why the CPV cell operates at a higher temperature as compared to the upper PV cell as shown in Fig. 4 and Fig. 5 . Temperature contours in Fig. 6 also show that the temperature conducts faster at the sides of dCPVPCM system (aluminium containment) as compared to in the center (PCM) of the dCPVPCM system. This behaviour is due to the different conductivities of the materials. The Aluminium containment conducts fast due to its higher conductivity (211 W/m K) as compared to the PCM which has a lower conductivity (0.2 W/m K). Due to the higher conductivity of the aluminum, the PCM is also heated from the sides as shown by temperature contours in the PCM. The thermal analysis of dCPVPCM system shows that the current configuration controls the temperature of both CPV and PV cells and maintain their temperature below 85 which is essential for the durability of crystalline Si photovoltaic cell.
Figure 6: Temperature Contours for the domain of dCPV/PCM system
Further analysis is carried out to obtain the power produced by individual cells of dCPVPCM and PV only and the result is presented in Fig. 7 while the combined power obtained by both cells of dCPVPCM and PV only is presented in Fig. 8 . Although, the maximum power from individual cells of dCPVPCM is smaller than PV only, the average power of individual CPV cell is comparable to that of PV only cell. The combined average power of dCPVPCM is nearly equal to that of PV only and exceeds the power obtained from PV only with a maximum difference of +21.8% for January. This behaviour is consistent with the temperature behaviour for January (refer to Fig.5 ) as the average temperature of both CPV and PV cell remains below the PV only temperature which results in increased power production. The average power of dCPVPCM is only less than that of PV only for the month of May with a difference of 4.7%. The maximum power falls for the months of summer due to greater temperature rise but the average power of dCPVPCM remains consistently higher than that of PV only. This is due to the utilization of dual sides for power production and shows that proposed design can produce electrical power higher than PV only over the year.
Figure 7: Maximum cell power for PV and CPV cells of dCPVPCM vs PV only (b) Average cell power for PV and CPV cells of dCPVPCM vs PV only
Figure 8: Combined maximum cell power for both cells of dCPVPCM vs PV only (b) Combined average cell power for both cells of dCPVPCM vs PV only
To further investigate and compare the power production by dCPVPCM system and PV only, the power produced over the day is calculated and result is shown in Fig. 9 . The dCPVPCM system produces power in the range of -4.7% to +21.7 % as compared to PV only system. 
Conclusions
Proposed design of dCPVPCM is found to be effective for temperature regulation of cells below 85 The combined power obtained from proposed dCPVPCM design is comparable to that obtained from a conventional flat plate system and excels with power production in the range of -4.7% to 21.7%. Therefore, it can be concluded that the proposed dCPVPCM system is useful to generate electricity and performs better or comparable than the conventional PV only system in terms of electrical output. The proposed dCPVPCM system also replaces expensive crystalline Si material with an inexpensive concentrator material with an added advantage of storing thermal energy in the PCM, therefore, it can be considered better than the PV only system. Further studies are required to investigate cost analysis of the proposed system as well as optimization of the dCPVPCM system in terms of geometry and materials.
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